Presented in this paper is a phenomenological model for cation distribution between crystallographically non-equivalent sites of the spinel structure at high temperature. Interactions between ions on each site are characterized by enthalpy parameters. A regular solution model is assumed for mixing of the species on tetrahedral and octahedral sites, independent of the nature of bonding in the solid. The model provides an equation which is functionally similar to that proposed by O'Neill and Navrotsky /15/ based on electrostatic considerations. However, the phenomenological model gives a more realistic interpretation of the constants involved in the equation. Recent experimental data on temperature dependence of cation distribution in NiAl 2 0 4 are used to test the validity of the different models. Since Ni 2+ ion in tetrahedral coordination exhibits Jahn-Teller distortion, an entropy corresponding to randomization of the distortion in the cubic phase has been incorporated in the model. Inclusion of the Jahn-Teller entropy in the expression for the cation distribution appears to be as important as introduction of quadratic dependence of enthalpy of disordering (ΔΗ 0 ) on cation distribution. Best statistical fit to experimental data is obtained when both JahnTeller entropy and energetics of interaction of ions are incorporated in the model.
INTRODUCTION
A number of technologically important compounds of the general formula AB2X4 have a cubic structure which can be viewed as a combination of zinc blende and rock salt structures. The prototype crystal structure of these ternary phases is related to MgAl 2 0 4 , the naturally occurring spinel. Spinels are significant in many branches of solid state science and in a number of metallurgical phenomena. There are a number of compounds with the general formula AB2X4 which exhibit a semiconducting behaviour. Mixed ferrites (Ai. x B x Fe204) are versatile magnetic phases where a wide range of magnetic properties are possible depending on the distribution of cations. Ferrites find extensive applications in magnetic devices, especially microwave applications between crystallographically nonequivalent sites. Some of the semiconductors are ferromagnetic and potentially useful as magnetooptical and photomagnetic materials. Oxide spinels are of considerable importance in geochemistry as petrogenetic indicators.
Simple Model for Cation Distribution
Spinels (2-3, 2-4 and 1-6) can be represented by the general formula (Af+ X B™ + ) [a; + B?+ x X 4 , where A and Β are ions w*h charges n+ and m+ such that η + m = 8, t and 0 represent tetrahedral and octahedral sites, and χ the cation distribution or inversion parameter. The ideal configurational entropy of a spinel characterized by an inversion parameter χ is:
S r = -R xlnx + (1 -x)ln(l -x)
+ xln I + (2 -x)ln(.
-χ
The Gibbs free energy for disordering can be written as
Δ Go = (G lp )-(G, p ) x-o
( (2) where (G, p ) x = 0 is the Gibbs energy of the normal spinel (A) t [B 2 ]O X4 and (G sp ) x . x is the Gibbs energy of the spinel with a given inversion parameter x. The free energy on disordering can also be written as:
AG D = AH d -TASD (3)
The entropy change on disordering, AS D , is composed of two terms: the configurational contribution AS C and the non-configurational component AS N c-If the latter is neglected, AG D can be written as:
Δ G d = AH D -TAS C
At equilibrium, AGd should be minimum:
Navrotsky and Kleppa III have proposed a linear dependence of AH D on x.
AH d = AH'x (7)
They also suggested that AH* be treated as the difference between the octahedral site preference enthalpies |h°p -Hg P jof the two cations A and Β:
As shown by Jacob and Alcock 111, the above relationship can also be derived by considering the cation exchange equilibrium between the two crystallographically nonequivalent sites:
where ( ) and [ ] indicate tetrahedral and octahedral sites, respectively. For spinels in thermal equilibrium, the free energy change for the above reaction is zero and hence the enthalpy change for the above reaction, AH°X > is given by:
AS°X is taken as zero since the reaction is balanced both with respect to ions and sites. Only ideal entropy of mixing on tetrahedral and octahedral sites are considered and the non-configurational contributions are neglected. For spinels containing transition metal ions, the electronic contributions may be substantial and therefore merit further consideration.
Equations (8) and (10), which are identical, provide a simple and extremely useful relation between the octahedral site preference enthalpies of the cations and the inversion parameter at any specified temperature. Jacob and Alcock 111 have developed a scale of octahedral site preference enthalpies based on values from crystal field theory for transition metal ions. For nontransition metal ions, octahedral site preference enthalpies were derived from measured cation distribution in spinels containing a transition and a non-transition metal ion. There are two ways of testing the validity of the above model for cation distribution: the measured temperature dependence of χ for a given spinel can be compared with the model prediction, or the dependence of χ on the composition obtained by experiment and from the model can be compared in case of spinel solid solutions at constant temperature.
There have been several studies on the temperature dependence of cation distribution in 
The quadratic dependence was arrived at from the lattice energy considerations. However, the treatment is semiquantitative, as briefly outlined below. For a crystal composed of point charge ions, the internal energy U is given by U = UE + UR + Uv (13) where UE is the net electrostatic attraction, UR incorporates other non-coulombic and repulsion terms and Uv represents vibrational energy. The net electrostatic attraction is given by:
where Μ is the Madelung constant which depends only on the geometric arrangement of the constituent ions.
The value of Μ was computed by O'Neill and Navrotsky /15/ using the expression:
where Qo, QT and QA are the average charges on octa- (14) and (15), it was inferred that the electrostatic attractive contribution to lattice energy exhibits a quadratic dependence on x:
where AUE is defined as UE(X=X) -UE<XO). In the second term, (UR) of Equation (13), the non-coulombic terms were neglected and only nearest neighbour repulsion was considered /15/:
where pi is a "hardness" parameter and D, a factor with units of energy. By differentiating UR with respect to x, it was argued that AUR would show a quadratic dependence on x.
The vibrational term was neglected as being very much smaller than the other two terms. Hence the change in internal energy due to disordering AUD was given as:
The enthalpy change on disordering AHD is equal to AUd + PAVd where AVD is the volume change on disordering. By neglecting the PAVD term, AHd a AUd = αχ + βχ 2 Hence the cation distribution, according to O'Neill and Navrotsky /15/ is determined by the equation:
In this treatment oxygen-oxygen interactions have been neglected. Further, the model assumes purely ionic bonding to be dominant in spinels. This could lead to errors in predicting cation distribution in spinel solid solutions where the degree of covalency varies with composition.
PHENOMENOLOGICAL APPROACH
Presented in this paper is a phenomenological treatment of cation distribution in spinels, considering nonideal mixing of ions on tetrahedral and octahedral sites. Interactions between ions on each site are characterized by enthalpy parameters, without giving explicit consideration to the nature of bonding in the spinel. Such a phenomenological approach has a wider range of applicability than those based on purely ionic lattices.
The Gibbs free energy, G, for a disordered spinel, (A,.xBx)t [AxB2-X]0 X4 is given by:
where Η is the total enthalpy of the system and SNC the non-configurational entropy. Η is the sum of all enthalpies of interaction in the crystalline solid: 
where Zt is the coordination number for the tetrahedral site, hjlj is the bond enthalpy for the i-j bond on tetrahedral sites and Ν is the Avagadro number.
Adding and subtracting 1ια-α( 1_χ ) and hgl!B to the right hand side of Equation (27), H-lj can be expressed as:
On regrouping, the above equation becomes: 
Stipulating the condition for equilibrium, SG dx T,P 0, it follows that,
Differentiating Equation (38) and substituting in Equation (39), one obtains an expression for the variation of the equilibrium cation distribution (x) with temperature T: 
Equation (40) has a large number of terms and is rather unwieldy to handle. However, a closer look at the spinel structure shows that many of the terms can be neglected. Table 1 gives the interionic separation and occupancies of tetrahedral and octahedral sites in the spinel structure. It can be seen that the only nearest neighbour occupied sites are the octahedral ones, their separation being a/ 2-Jl . The other nearest neighbour octahedral-tetrahedral and tetrahedral-tetrahedral sites have zero occupancies. Hence the octahedral-octahedral interactions are dominant and the other interactions can be neglected. Considering only octahedral-octahedral interactions, Equation (40) Structural refinement was carried out using the Reitveld method which involves minimizing, by least squares, the differences between the actual XRD pattern and the model pattern. Below 1073 K, the rate of ion exchange between sites was found to be very slow and it is doubtful whether the samples attained true equilibrium. Above 1523 K, the cation redistribution rate was found to become too fast to retain the high temperature state by water quenching. The measured cation distributions in the temperature range 1073-1523 Κ appear to represent true equilibrium.
Roelofsen et al. 16 / have calculated degree of inversion over a temperature range 1073-1773 Κ using Reitveld analysis of X-ray powder diffraction data. The annealing times varied between 352 hours at 1073 Κ to 4 hours at 1773 K. After annealing, the samples were quenched in liquid N 2 . NiAl 2 0 4 samples were divided into two batches. One batch of samples was initially annealed at 1073 Κ and the other at 1673 K. These samples were then annealed at the specified temperatures between 1173 to 1773 K. Difficulty was encountered in quenching the samples from 1773 K. At all temperatures some hysteresis effect was noticed depending whether equilibrium was approached from higher or lower values of x. The values of χ from the two batches between temperatures 1173 and 1473 Κ agree within a mean deviation of ±2.88 χ 10" 3 . The average value is taken as an inversion parameter.
Arean and Vinuela 111 have determined cation distribution for the system ΟΐχΝίι. λ Α1 2 0 4 (0 2λ2ΐ) at 1223 Κ using X-ray powder diflractometry. Structural refinements were done using a modified version of the method proposed by Furuhashi et al. 191 . The samples were annealed at 1223 Κ for 30 hours and then quenched in liquid N 2 . The inversion parameter for the system with λ = 0 represents the value for pure NiAl 2 0 4 .
The Ni
2+ ion has an electronic configuration 3d 
With the incorporation of Jahn-Teller entropy, the simple cation distribution model is modified as:
Substituting for the non-configurational entropy, Equation (42) (1 -X;)(2 -Xi ).
(47)
The sum of squares of the differences is given by 2
where η is the number of data points. η For ^ef to be minimum, in Equation (51) Equations (23) and (46) were fitted to the experimental data as the parametric equation distribution in NiAl 2 0 4 . However, uncertainties in the measured data do not permit definite conclusions to be drawn regarding the relative merits of the simple model with Jahn-Teller entropy, O'Neill-Navrotsky model or the phenomenological model with Jahn-Teller entropy developed in this paper. More precise data are warranted to differentiate between the models and to refine them further. Strong interaction between ions on the octahedral site would imply non-random distribution. A correction for non-random distribution may be considered when more precise data become available. It may be possible to exploit anomalous Xray scattering near the Κ absorption edge of the metallic constituents for obtaining additional information on cation distribution /16/.
A + Bx; = -RTlnKi = yi (53)
The best fit to the experimental data in the least square sense was obtained using the software package MATLAB. Since χ 2 can be viewed as the degree of misfit, the model for which χ 2 has the lowest value may be considered to give a better description of cation
CONCLUSION
A new phenomenological model is proposed for describing cation distribution in spinels. Mixing of ions on the octahedral sites is described using a regular solution model. Since the nearest neighbour tetrahedral and octahedral sites surrounding an ion in the four coordinated position are empty, mixing of ions on this site is considered to be ideal. The model gives an equation which is functionally similar to that proposed by O'Neill and Navrotsky (1983) based on electrostatic energy considerations. However, the constants of the model have different meanings in the two treatments. Experimental data available on NiAl 2 0 4 was used to test the models. Both the introduction of Jahn-Teller entropy and the quadratic dependence of enthalpy of disordering (AH D ) on cation distribution (x) appear to be equally important in explaining the temperature dependence of cation distribution in NiAl 2 0 4 . An adequate fit to the experimental data could be obtained by incorporating any one of these factors in the model. Best statistical fit is obtained only when both factors are incorporated.
Table 2
Selected data for NiAl 2 0 4
